The most common form of amyotrophic lateral sclerosis (ALS), a neurodegenerative disease affecting adult motor neurons, is caused by dominant mutations in the ubiquitously expressed Cu-Zn superoxide dismutase (SOD1). In chimeric mice that are mixtures of normal and SOD1 mutant-expressing cells, toxicity to motor neurons is shown to require damage from mutant SOD1 acting within nonneuronal cells. Normal motor neurons in SOD1 mutant chimeras develop aspects of ALS pathology. Most important, nonneuronal cells that do not express mutant SOD1 delay degeneration and significantly extend survival of mutant-expressing motor neurons.
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder in which motor neurons die beginning in mid-adult life. About 10% of cases are dominantly inherited; about 20% of these arise from mutations in the gene for Cu-Zn superoxide dismutase (SOD1) (1) . Transgenic mice (2-4) and rats (5, 6) that express mutant SOD1 develop a progressive motor neuron disease that shares many features with human ALS; the complete absence of SOD1 in mice does not cause such disease (7) . Because toxicity is neither accelerated nor ameliorated by reducing wild-type SOD1 activity (8) and is either unaffected (8) or enhanced (9) by increasing wild-type SOD1 activity, mutant SOD1 must cause disease through acquisition of toxic properties. These may include aberrant oxidative chemistry catalyzed by SOD1-bound copper (10) (11) (12) (13) (14) or poisoning of a cellular process (or processes) by abundant SOD1 protein aggregates (15) (16) (17) . This triggers a cell death pathway in motor neurons that includes activation of caspase 3 (18, 19) . Damage to nonneuronal cells may be involved in toxicity. Before onset of disease in SOD1 mutant mice, there is an inflammatory response, including activation of microglia (20) (21) (22) and astrocytosis (3, 20) ; the anti-inflammatory compound minocycline extends survival in mouse models of ALS (23) (24) (25) , although whether this reflects action on microglia, astrocytes, or more directly on motor neurons is not established (24) . Although accumulation of mutant SOD1 damages motor neurons in culture (26) , SOD1 mutant expression only in neurons (27, 28) or glia (29) has not provoked disease in mice. Thus, fundamental unanswered questions are whether motor neuron /YFP chimeras delayed disease onset with average extensions of 1.6 months (P ϭ 0.0033; n ϭ 17; one tailed Mann-Whitney test) for SOD1 G85R and 1.2 months (P ϭ 0.0007, n ϭ 17) for SOD1 G37R chimeras (Fig. 1E) . Compared with germline SOD1 mutant mice, there was an average extension of life-span of 1.8 months (P ϭ 0.04, n ϭ 13) for SOD1 G85R and 1.1 months (P ϭ 0.0001, n ϭ 17) for SOD1 G37R chimeras with a maximum delay of 7.8 and 3.3 months, respectively; Fig. 1F ). Both measures correlated well G93A mouse (O). Mutant cells were identified by antibodies specific for human SOD1 (green) (3, 4) ; neurons were identified with a neurofilament antibody (SMI32) (red). Wild-type motor neurons (red arrows); SOD1
G93A mutant-expressing motor neurons (white arrows). A nonneuronal, SOD1 G93A -expressing cell is marked by an asterisk.
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3 OCTOBER 2003 VOL 302 SCIENCE www.sciencemag.org with the proportion of wild-type (YFP-expressing) cells within each spinal cord (Fig. 1G) .
A robust extension in life-span was also seen in the SOD1 G93A /lacZ chimeras. Eleven of the 23, including 5 with Ͻ30% contribution from wildtype cells, survived disease-free until they were killed at Ͼ10 months of age (Fig. 1, L and M) , an age at least twice that of the longest lived germline SOD1 G93A littermates (Fig. 1L) . Examination of spinal cord and motor roots of two of these revealed that 67% (chimera 45; Fig. 1N ) and 77% (chimera 67) of motor neurons contained mutant SOD1, but there was no degeneration or axonal loss in thoracic roots of either chimera and only the earliest signs of degeneration in some lumbar roots of chimera 67. This contrasts with germline SOD1
G93A animals in which 100% of the motor neurons express mutant SOD1 (Fig. 1O) , and half of these are lost by 5 months (2).
Extended survival of mutant-expressing motor neurons was also seen in chimeras generated by aggregation of morulae from a SOD1 G37R transgenic line (line 29, which has a later disease onset) (4) with morulae whose wild-type neurons were marked by expression of very low levels of the smallest human neurofilament subunit (hNF-L) (33) (Fig. 2A) . Immunoblots for the
SOD1
G37R mutant and hNF-L in spinal cord extracts revealed ϳ30 and ϳ90% mutant cells in two SOD1 G37R /hNFL chimeras (Fig. 2B) . Chimera 7, with the higher wild-type content, did not develop disease even 5 months beyond the age of the longest-lived germline SOD1 G37R mice. As seen with antibodies specific for human SOD1 ( fig. S2) , hNF-L, or all neurofilaments (to identify mutant and wild-type axons), 30% of ventral root axons (Fig. 2, C to E) were mutant. However, there was no sign of axonal degeneration or loss in the L5 ventral root (Fig. 2F) , in which 978 axons remained, a number consistent with the 927 Ϯ 99 (n ϭ 26) seen in age-matched wildtype mice. Furthermore, in contrast to parental SOD1 G37R mice (Fig. 2, H, K, and N) , even the earliest pathologic signs of disease, including astrocytosis and microgliosis, were absent in this chimera (Fig. 2, I , L, and O), just as they were in normal mice (Fig. 2 , G, J, and M).
Extended survivals of SOD1 mutantexpressing motor neurons in the chimeras could arise, at least in part, from a protective effect of wild-type motor neurons. To test this, two SOD1 G37R /YFP chimeras were identified that developed without wild-type motor neurons; all motor neurons of multiple lumbar levels (Fig. 3, B and C, arrows) and motor roots (Fig. 3E ) accumulated mutant SOD1. Both of these also displayed a striking left-right asymmetry in the proportion of wild-type (YFP-positive) G37R mice at endstage disease uniformly exhibit symmetric loss of two-thirds of their large motor neurons in both halves of the lumbar spinal cord (Fig. 3A) . However, although all motor neurons were mutant in these two SOD1 G37R /YFP chimeras, there was an asymmetric loss of motor neurons ( Fig. 3A ; P Ͻ 0.001; paired Student's t test with n Ͼ 4 sections per animal) and axons, with more than twice as many large-caliber (Ͼ3.5 m diameter) surviving axons ( Fig. 3D; 187 on the left versus 89 on the right) in the lessaffected side. In both chimeras, the side with higher neuronal survival had a higher proportion (25 versus 2% in chimera 646; 30 versus 10% in chimera 213) of wild-type (YFPexpressing) nonneuronal cells throughout the lumbar cords. Thus, even when all motor neurons are mutant, an environment having a higher proportion of wild-type, nonneuronal cells reduces motor neuron mortality.
To assess whether SOD1 mutant nonneuronal cells can influence neighboring wild-type neurons, spinal cord sections of chimeric animals were analyzed at end-stage disease for pathologic signs of neurodegeneration. A hallmark for damage to neurons in human patients is the appearance of ubiquitin-positive protein aggregates (34, 35) . These are also seen as an early sign for damaged neurons in SOD1 G85R (3, 8) and SOD1 G37R (4) mice, but do not appear in motor neurons of wild-type mice (Fig. 4, A to C) . Ubiquitin aggregates appear in neuronal processes and, less prominently, in cell bodies ( Fig. 4B; fig. S3 ). Similar ubiquitinated epitopes were never seen in age-matched wild-type littermates ( Fig. 4A; fig.  S3 ). In contrast, in both SOD1 G37R and SOD1 G85R chimeras (n ϭ 4), some wild-type neurons (YFP-containing; arrows in Fig. 4, D and E, and G and H) in end-stage chimeras accumulated ubiquitinated epitopes in neuronal processes (Fig. 4F, arrows) and cell bodies (Fig. 4I, arrow) , which indicates that a deficit in ubiquitin-dependent protein degradation is acquired by these wildtype neurons. The intensity of such ubiquitin staining in wild-type axons (Fig. 4F, arrows) and motor neuron cell bodies (Fig. 4I, arrow) frequently exceeded that of neurons expressing mutant SOD1 (Fig. 4F, boxed areas; Fig. 4I ).
We found that expression of mutant SOD1 in motor neurons at levels that cause disease in parental mice is not sufficient to trigger their degeneration or the development of pathologic abnormalities. Rather, wild-type nonneuronal cells, in some cases representing a small minority of total cells, can ameliorate degeneration and death of SOD1 mutant-expressing motor neurons compared with those in parental SOD1 mutant mice. That SOD1 mutant neurons survive longer when surrounded by a wild-type environment supports the view that damage to adjacent nonneuronal cells by mutant SOD1 is a major contributor to disease caused by SOD1 mutations. Damaged glial cells and neurons, therefore, could act in concert to provoke disease, consistent with failure of mutant expression in single cell types to induce motor neuron degeneration (27) (28) (29) . It is also consistent with the failure of increased levels of mutant SOD1 within neurons to accelerate disease caused by ubiquitous expression of SOD1 G93A (28) . Indeed, we know of no compelling in vivo evidence that the genotype of the motor neurons themselves has any bearing on the probability of their death in ALS; motor neuron death could in principle be provoked solely by damage to multiple types of adjacent cells such as interneurons, astrocytes, and microglia. Further work is critical to evaluate this possibility. Sensations from viscera, like fullness, easily become painful if the stimulus persists. Mice lacking ␣1G T-type Ca 2ϩ channels show hyperalgesia to visceral pain. Thalamic infusion of a T-type blocker induced similar hyperalgesia in wild-type mice. In response to visceral pain, the ventroposterolateral thalamic neurons evoked a surge of single spikes, which then slowly decayed as T type-dependent burst spikes gradually increased. In ␣1G-deficient neurons, the single-spike response persisted without burst spikes. These results indicate that T-type Ca 2ϩ channels underlie an antinociceptive mechanism operating in the thalamus and support the idea that burst firing plays a critical role in sensory gating in the thalamus.
Low voltage-activated (LVA) T-type Ca 2ϩ channels play crucial roles in the control of cellular excitability under diverse physiological and pathological processes (1, 2) . Recently, studies revealed a novel role of T-type Ca 2ϩ channel in the pain sensory pathway by showing that this channel facilitates pain signals in peripheral nociceptors (3, 4) and in the spinal cord (5). T-type channels are also highly expressed in the thalamus (6), through which noxious signals from the spinal cords must pass before reaching the cortex (7) . When the thalamocortical relay neurons receive sensory inputs, they respond in dual firing modes: either in singular action potentials or in a burst of action potentials clustered together as a high-frequency discharge (8) (9) (10) . T-type Ca 2ϩ channels are known to excite hyperpolarized thalamic neurons to generate bursts of action potentials. There has been much debate about the role of the thalamic burst firing in the sensory processing (11, 12) . Therefore, whether thalamic T-type channels would contribute to the nociceptive signal processing as a signal enhancer or a suppressor is an open question.
Mice homozygous for a null mutation of the ␣1G (CaV3.1) gene showed a functional deletion of T-type currents and lacked low threshold burst firing in the thalamocortical relay neurons (13) . We measured the sensitivity of the ␣1G-deficient mice (␣1G -/-) by delivering thermal or mechanical stimuli delivered either on the palm or tail (supporting online material). No significant difference was observed between the mutants and their wild-type littermates in these assays (Fig. 1 , A to C). Hyperalgesia to cutaneous pain, as measured by the relative enhancement of the pain response by a subcutaneous injection of complete Freund's adjuvant (CFA) before pain tests (14) , also did not significantly differ between the wild type and the mutant (Fig. 1D) . Next, we examined the sensitivity of the mice to visceral pain induced by intraperitoneal administration of either acetic acid (Fig. 1E) or MgSO 4 solution (Fig. 1F ) as previously described (15) . The wild-type mice showed typical pain behaviors characterized by writhing, such as abdominal stretching and constriction in response to these two chemicals, with MgSO 4 -induced pain responses terminated earlier than those by acetic acids (15) . However, compared 
